We describe experiments aimed at assessing the applicability of fibre Bragg grating sensors to distributive tactile sensing. Strain signals from flexible surfaces instrumented with Bragg grating sensors are processed using neural networks so as to obtain the location, shape and orientation of objects placed on the surfaces.
INTRODUCTION
Fibre Bragg grating (FBG) sensors are often employed in quasi-distributed sensing systems due to the large number of sensors (measurement points) that can be addressed by a combination of wavelength, time and spatial multiplexing [1] . Considerable effort is often devoted to ensuring that the sensors possess good linearity and negligible cross-talk and in such systems the grating separation often determines the effective spatial resolution with which the measurand field may be recovered. We have been investigating the application of fibre Bragg grating sensors to distributive tactile sensing [2] , a measurement paradigm in which neural network based signal processing may be used to generate useful information from a set of measurements and where both cross-talk and non-linearity can be advantageous. Furthermore, the effective spatial resolution of a distributive system can be considerably less that the sensor separation.
Our motivation for exploring this area stems originally from a desire to use optical fibre sensors as a key component of smart surgical tools for use in endoscopy and microsurgery. In such circumstances, the use of sophisticated data processing is required so that the surgeon is presented with exactly the information they requires for the task at hand, rather than a set of raw measurement data. As an idealised example, a surgeon using a smart endoscope to carry out remote palpation of a possibly diseased organ would prefer not to be presented with an array of force and position data but would rather have a simple indication that the organ was behaving normally or abnormally. Distributive tactile sensing offers one route to achieving this level of sophistication through a process of discrimination. This paper describes our initial work aimed at gaining an appreciation of the possibilities and limitations of the use of FBGs in this application, through a set of experiments involving smart surfaces instrumented with arrays of FBG strain sensors.
EXPERIMENTS
1.1 Smart surface for position and shape determination
Experimental details
Nine FBG strain sensors were spliced in series and attached to the underside of a stainless steel sheet (330 x 430mm), using epoxy adhesive to form a 3 x 3 grid of longitudinally positioned sensors, separated by 85mm along the longer dimension and 60mm along the shorter. The steel sheet was simply supported in a retaining framework as shown in figure 1a . Four different shaped loads of equal base area and weight were applied to the sheet -see figure 1b. The grating array was illuminated with a broadband source emitting around 1550nm and sensor wavelength data were obtained using an optical spectrum analyser connected to a PC running LabVIEW. Data were collected using each shape in each of 77 positions on a 20mm x 20mm grid covering the steel sheet. Positions on the surface within 40mm of the supporting framework were excluded to eliminate edge effects.
a-S Inputs Hidden Outputs Layer
Signal processing of the wavelength data was carried out using a Multilayer Perceptron with a single hidden layer ( figure  2 ). This consists of a collection of nodes, each of which calculates the weighted sum of its inputs, and feeds the result through a threshold function. There is no reliable system for predicting the optimum network architecture for a given problem; this has to be arrived at by presenting the data to a range of networks in turn and finding out which produces the lowest residual training error. The software used for this work was Netlab [3] , a collection of Neural Network tools used with MATLAB and written by members of the Neural Computing Group at Aston University. Training a neural network to recognise patterns in data of high dimensionality requires a great deal of data. Although the training process can be time consuming and computationally intensive, once trained, neural networks present a low computational load and are suitable for real time implementations. 
Results
First a neural network was trained to recognise just the position of a cylindrical load on the plate. Training, validation and test data sets were collected for each position on a 20mm x 20mm grid. It was found that the position of the load could be determined to within 2.5% of the maximum dimension of the sheet using a network containing 33 hidden nodes. Tonpadungrod et al.
[4] used 16 infrared displacement sensors in a directly comparable arrangement and found that the position of the load could be detected within 5% of full positional range. Although our results are slightly better than those they achieved, a proper comparison of errors is difficult, since the sources of noise and drift in each case are rather different.
Next, data were collected using 4 different shaped loads (square, rectangular, triangular and circular) each of identical weight and base area. The system was able to correctly recognise the shape 91% of the time when the position of the load was known. If the position was not known, the shape detection rate was 89%. 
Surface developments
Following on from the initial experiments, we have developed further versions of the smart surface to attempt to understand better its capabilities and limitations. Figure 3a shows a similar surface to that previously described, though constructed from PMMA. In this implementation we are able to deduce the positions of two loads placed simultaneously on the surface. Figure 3b shows a much more robust implementation capable of taking the weight of a person. In addition to being able to recognize which foot is placed on the plate, the system can determine with high accuracy whereabouts over the area of the foot the weight of the person is acting. 
Low cost interrogation
Our most recent work has focused upon the elimination of the requirement for an expensive FBG interrogation system. We have now developed a novel method in which two or more of the sensing gratings effectively interrogate each other by both filtering part of the source spectrum. The approach was first demonstrated in [5] , where the network shown in figure 4a was attached to a sensing surface similar to those described earlier. The light levels detected by receivers A to E were used as inputs to a neural network and under optimal conditions the system had a positional accuracy of 7.0mm (rms) for a mass of 1.6kg placed anywhere on the surface. In addition to this there was 100% accuracy with respect to shape identification (4 shapes of equal weight and area), and an accuracy of 7 degrees for the rotation of the non-circular shapes. There was also evidence that the system had some ability to ignore changes in the source intensity. We are currently concentrating on developing an understanding of how to optimize the sensor positioning for a given application, using the simplified network of figure 4b applied to strain sensing on a steel cantilever beam (150x10x2mm). With this simple geometry we are able to compare the results of experiments with computer simulations.
As an example, figure 5 illustrates the results of modeling the configuration of figure 4b, with the gratings arranged in four different orders. The source power levels used in the test fluctuated between 40 and 100%, and a single point weight of 2N was simulated in various positions. The system was initially trained with different data sets, and then tested for overall positional accuracy with inputs of varying levels of noise (main plot). We also show the accuracy distribution along the beam for a SNR of 30dB (inset plot). It may be clearly seen that the positioning of the gratings is very important. 
CONCLUSIONS
We have described a series of experiments carried out to investigate the possibilities and limitations of using FBGs in distributive tactile sensing. Target applications of this technology will involve situations where the well-known advantages of FBGs can be exploited; for example, fibre sensors would be well suited to instrumenting smart endoscopic probes, particularly for the investigation of some of the smaller channels within the body.
Further work is planned in two main areas. Firstly, more effort is required to increase the understanding of how best to distribute the network of sensors for a given application; this is particularly critical for the self-interrogating system described in section 2.2. Secondly, we intend to investigate the processing of dynamic signals, which might facilitate damage analysis of a vibrating surface, for example, or allow the footplate described earlier to be used to diagnose problems with a subject's balance.
